A critical perspective on phytoanticipins, constitutive plant secondary metabolites with defensive roles against microbes is presented. This mini-review focuses on the chemical groups and structural types of defensive plant metabolites thus far not reviewed from the phytoanticipin perspective: i) fatty acid derivatives and polyketides, ii) terpenoids, iii) shikimates, phenylpropanoids and derivatives, and iv) benzylisoquinoline and pyrrolizidine alkaloids. The more traditional groups of phytoanticipins are briefly summarized, with particular focus on the latest results: i) benzoxazinoids, ii) cyanogenic glycosides, iii) glucosinolates and their metabolic products, and iv) saponins. Current evidence suggests that a better understanding of the functions of plant metabolites will drive their application to protect crops against microbial diseases.
Introduction
The term phytoanticipin was coined by Mansfield and defined in 1994 as "low molecular weight antimicrobial compound present in plants before challenge by microorganisms or produced after infection solely from preexisting constituents" [1] . For many decades different terms were used to describe preformed plant metabolites with roles in fighting microbial infections [2] . Prohibitins, inhibitins and post-inhibitins were used to describe antimicrobial metabolites produced by plants at pre-and postinfectional times [3] . Specifically, prohibitins were defined as "preformed inhibitory substances that confer some degree of protection to the host plants against microorganisms" [2] . Early reports on prohibitins described the isolation of protocatechuic acid [4] and catechol [5] from pigmented onion scales (Allium cepa L.) and their role in disease resistance to Colletotrichum circinans (Berk.) Voglino [6] . Additional constitutive antifungal metabolites from higher plants [3] , such as sinigrin from black mustard (Brassica nigra L.) [7] , solanine from tomato (Lycopersicon esculentum Mill.) [8] , and S-methylcysteine sulfoxide and Spropylcysteine sulfoxide from onion [9] are also examples of prohibitins ( Figure 1 ). More recently, a different meaning was given to prohibitins (PHBs), denoting highly conserved proteins produced in all eukaryotes. PHBs appear to function in plant development and stress tolerance [10] , whereas in mammalian systems are associated with antiproliferative activity and have been targeted for anticancer therapy [11] .
In contrast to phytoanticipins, phytoalexins are induced antimicrobial metabolites produced under stressed conditions, [2] , now known as phytoanticipins [1] . than with phytoanticipins (since January 2000, ca. 2132 articles used the phytoalexin term and 67 used the phytoanticipin termlanguage English and no other limitations -SciFinder CAS database, June 2014). Additional searches showed that the 1994 paper introducing the term phytoanticipin and redefining phytoalexins [1] has been cited 218 times (SciFinder, CAS database, June 2014). Because both concepts are relevant to the interaction of plants with their pathogens and pests and to plant disease resistance, their popularity has increased dramatically over the past two decades [13] .
Despite significant efforts to distinguish plant inducible metabolites from those pre-formed [1, 3, 12, 14] , some confusion exists and many plant secondary metabolites, or phytochemicals, that would be more appropriately considered phytoanticipins are reported as phytoalexins. Some reviews and other articles avoid controversy by employing self-explanatory terms such as "preformed or constitutive plant defenses" and "induced plant defenses" [15] . Nonetheless, these terms may also be misused because a metabolite induced in one plant species may be preformed in another species; thus, neither generalizations nor assumptions can be made in the absence of appropriate experimental results. For example, resveratrol, one of the most popular phytoalexins (in 2,132 phytoalexin publications since 2000, 635 dealt with resveratrol, SciFinder CAS database, June 2014), is not a phytoalexin in all species, it is a phytoanticipin in some of the species producing it [16] . Furthermore, because a huge number of these ecologically relevant plant metabolites have biological activities of great interest to humans (e.g. antibiotic, anticarcinogenic, antiinflammatory, antioxidant, immunosuppressant), their ecological functions are often ignored or misunderstood. Recently, S-methylcysteine sulfoxide was reviewed as a phytoalexin while claimed to be "universally present in plants" [17] , hence this is not a phytoalexin. Indeed, due to its antimicrobial activity against plant pathogens, this metabolite is likely to be a phytoanticipin [9, 18] . Somehow the term "phytoalexin" seems to have a greater appeal than "phytoanticipin"; enthusiastic reports claiming a specific property for a given preformed plant defense have "promoted" it to the status of phytoalexin. Although such arguments cause confusion, controversy can lead to debates and new terms that will enable rigorous scientific communication.
Should all constitutive antimicrobial metabolites of plant origin be considered phytoanticipins? Analysis of historical and current chemical ecology terms introduced over several decades indicates that phytoanticipins are included in the general group of allelochemicals [19] . From an ecological viewpoint, it is reasonable to expect that a phytoanticipin must display antimicrobial activity specifically against plant microbial pathogens (not just against any microbe). This characteristic prevents plant metabolites, whose antimicrobial activity has been studied solely against mammalian pathogens [20], from being considered phytoanticipins, as they cannot be considered allelochemicals either [21] . Furthermore, it has been argued that the phytoanticipin definition does not reflect the different kinds of bioactivity of many of these defense metabolites [22] . In reality, most of these metabolites either inhibit or affect negatively non-microbial systems as well, including insect herbivores (deterrents or attractants) and other plant species [23] . Hence, in some cases, there is a view that classifying plant defenses as phytoanticipins is restrictive and might increase confusion. Having these caveats in mind, this review intends to provide an overall view of the various chemical groups of plant defenses that either are or could be considered phytoanticipins, and their ecological roles, in addition to demonstrated antimicrobial activity. The focus is on chemical classes and structural types thus far not reviewed from the phytoanticipin perspective, the "nontraditional" phytoanticipins, while the traditional phytoanticipin classes are summarized briefly.
Detection, isolation and identification of plant metabolites
Analytical detection of a wide range of plant metabolites in complex extracts requires fairly traditional methods and instruments. Analytical methods such as TLC, GC with various detectors, HPLC or UPLC with photodiode array detector (DAD) and/or mass detector can provide a fairly complete profile of the plant constituents present in any extract. Following detection, isolation of metabolite(s) is necessary, since determination of the chemical structure of any "unknown" metabolite, in general, requires that the material be purified to homogeneity. Several preparative chromatographic and related techniques are available for separation of organic compounds that use fairly sophisticated instruments [24]; however, in many cases separation of complex mixtures can be carried out using flash column chromatographic fractionation [25] .
Unambiguous identification of a plant metabolite implies that its chemical structure must be rigorously established. Several state of the art spectroscopic techniques are necessary to elucidate de novo the chemical structures of plant metabolites, among which NMR spectroscopy and mass spectrometry (MS) are of enormous value, indeed irreplaceable [26] . Additional spectroscopic techniques may be necessary for a thorough characterization of new molecules, including IR and UV-Vis spectroscopy, and X-ray crystallography. A review of these techniques is outside the scope of this article, but it is important to emphasize that unambiguous determination of chemical structures is not a trivial undertaking and requires both knowledge and rigorous training. Despite the numerous NMR techniques available for chemical structure assignment [26a,b,27] , in many situations confirmation of a particular chemical structure requires chemical synthesis. Structural ambiguity in some cases has led to structural misassignments that eventually were confirmed by chemical synthesis of the unknown compound [28] . Furthermore, it is important to understand that identification of known metabolites by comparison with authentic standards requires the use of more than a single analytical method; TLC, GC, or HPLC alone are unacceptable and such work must be taken critically. Erroneously reported occurrence of certain plant metabolites could have been prevented if more rigorous analytical approaches had been used. In general, if two or more analytical techniques are combined, e.g. TLC with LC-HRMS, GC-HRMS or 1 H NMR, these could be sufficient for unambiguous identification of a metabolite by comparison with an authentic standard.
Detection and isolation of constitutive metabolites that are potential phytoanticipins can be an onerous task. Antimicrobial assays need to be used to test fractions of plant extracts that may contain the potential phytoanticipin, that is bioassay-directed isolation has to be carried out. Although preliminary assays using a single fungal species may suffice [29] , it may be useful to include in bioassays more than two species of plant microbial pathogens, otherwise ecologically important constituents could be missed. This is so because plant metabolites have selective antimicrobial activity, hence the microbial species to select for initial bioassays are important. Furthermore, any conclusive biological testing carried out with a potential phytoanticipin must ensure that its purity has been determined using reliable and current analytical methods. These methods will depend on the type of chemical structure, but as mentioned above, the use of a single analytical technique is insufficient to establish the purity of a plant metabolite [26b].
Phytoanticipins
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Structural types and ecological roles of phytoanticipins
A recent literature review indicated that 284 plant metabolites, distributed mainly in three chemical classes (47 % phenolics (123), 29 % terpenoids (80) and 11 % alkaloids (30)), displayed fungicidal activity [30] ; however, the term phytoanticipin was not mentioned in this review. Indeed, as stated in the introduction, the term phytoanticipin has not been widely adopted by the scientific community. This omission is likely due to various reasons, but perhaps a significant aspect is the relatively recent introduction of the term, together with the fact that these plant metabolites have been known and reviewed for several decades as constitutive or preformed defenses. Thus, there may be some reluctance in using a new term that in some ways appears to be more restrictive. For this reason, analyses of published reports led us to include in this review metabolites that may not have been considered as phytoanticipins by the authors, but fit in this class. The intention is to disseminate the use of the term phytoanticipin, while concurring that phytoalexins should remain a class on their own [1] .
The chemical structures of phytoanticipins include a huge number of scaffolds, indeed likely as many phytoanticipin scaffolds as those resulting from plant metabolic biosynthetic pathways: fatty acids and polyketides, isoprenoids or terpenoids, shikimates, and phenylpropanoids [15a,31] . For example, the plant metabolites 6hydroxymellein from Daucus carota L., chrysophanol from Rhamnus frangula L. and giganin from Goniothalamus giganteus (Wall. ex) Hook. f. & Thomson are polyketides, artemisinin from Artemisia annua, gossypol from Gossypium species and stigmasterol from numerous species are terpenoids, and shikimic and gallic acids and pinoresinol are shikimates from various species (Figure 2 ). In addition, nicotine from Nicotiana tabacum L., caffeine from Coffea species and morphine from Papaver somniferum L.) ( Figure 3 ) are examples of plant alkaloids biosynthesized via diverse pathways [31, 32] . Many reviews have focused on a few chemical classes of phytoanticipins here considered as traditional examples: benzoxazinoids, cyanogenic glycosides, glucosinolates and saponins. By contrast, fewer review articles have focused on those metabolites that are herein considered nontraditional classes of phytoanticipins. In this report nontraditional classes are grouped according to their biosynthetic origins. It is important to note that in several instances phytoanticipins are toxic to plant cells and thus are stored in cellular vacuoles or other organelles as glycosidic conjugates. Upon cell disruption, glycosides are transformed into active metabolites by glucosidases [33] and other hydrolytic enzymes.
Nontraditional phytoanticipin groups
Not all scientific reports potentially relevant to this review have used the term phytoanticipin. That is, although constitutive plant secondary metabolites that function as phytoanticipins are abundant, the articles reporting such metabolites are sometimes difficult to locate. In an attempt to provide a systematic classification of the phytoanticipins that are not usually included in the traditional classes, these metabolites are grouped according to their biosynthetic origin and pathways: fatty acid derivatives and polyketides (derived from acetate and malonate), isoprenoids (containing terpenoid skeletons, derived from C-5 units), shikimates, phenylpropanoids, mixed biosynthetic origin (e.g. polyketide-shikimate containing flavonoids and related) and alkaloids that have various biosynthetic origins. Furthermore, constitutive plant metabolites whose antimicrobial activity has not been investigated against plant microbial pathogens are not included in this review (e.g. antimicrobial plant metabolites against human pathogens).
Fatty acid derivatives and polyketides
Acetylenes, more commonly known as polyacetylenes are among the fatty acid derivatives produced by various organisms, including plants. These secondary metabolites contain one or more triple (acetylenic) bonds, and hence the "poly" naming is somewhat misleading, but widely used in current literature. Acetylenic metabolites are abundant (>1400) in plants of the Apiaceae, Araliaceae, Asteraceae and a few other families, and have been widely investigated due to their numerous pharmacological properties, including anticarcinogenic, anti-inflammatory, and antibacterial, as well as negative toxic effects on mammals [34] . From an ecological viewpoint, plants produce acetylenic metabolites mostly as constitutive defenses against microbes and other organisms. For example, falcarinol and falcarindiol are phytoanticipins produced by many plant species within the Apiaceae, including carrots, celery, dill, fennel and parsley ( Figure  4 ) [34a] . Recently, falcarindiol was shown to protect carrots against Alternaria leaf blight disease caused by the selective fungal pathogen Alternaria dauci (J.G. Kühn) J.W. Groves & Skolko [35] . Furthermore, some green leaf volatiles that display antifungal and antibacterial activity could be considered phytoanticipins, including C 6 aldehydes (fatty acid pathway) such as Z-3-hexenal and E-2hexenal [36] . Similarly, various plant oxylipins (fatty acid biosynthetic pathway [37] ) have shown strong antifungal activity against plant pathogens, yet due to chemical stability and quantities produced by plant cells, these are not included in the phytoanticipin group [38] . Although houttuynin (i.e. 3-oxododecanal, CH 3 (CH 2 ) 8 COCH 2 CHO), isolated from Houttuynia cordata Thunb. [39] , has been reported as "one of the main and effective phytoanticipins extracted from Saururaceae family" [40] , it does not seem to fit within the phytoanticipin definition. Indeed, houttuynin has not been investigated in the plantpathogen ecological context, but strictly as a chemical produced by a medicinal plant displaying antimicrobial activity against numerous human pathogens [41]. Sodium houttuyfonate (CH 3 (CH 2 ) 8 COCH 2 CHOHSO 3 Na) in synergy with levofloxacin was suggested to inhibit biofilm formation by Pseudomonas aeruginosa [40] . Polyketide phytoanticipins derived solely from the acetatemalonate pathway do not appear to be abundant, in comparison with those of mixed biosynthetic origin such as the polyketidephenylpropanoids, described below.
Terpenoids
Terpenoids are abundant plant metabolites mainly biosynthesized from two C 5 units: dimethylallyl diphosphate and isopentenyl diphosphate (formed via the mevalonate or/and deoxyxylulose pathways) that can condense to form various carbon scaffolds (C 10 -C 40 ). Some terpenoids are volatile constituents of leaves and flowers [36] ; regardless of their volatility, terpenoids have multiple ecological functions, including defensive roles against pathogens and insects. For example, leaf resins of tropical leguminous trees (Hymenaea species) contain numerous volatiles, including the sesquiterpenes caryophyllene and caryophyllene oxide ( Figure 5 ), the latter showing strong antifungal activity against various fungal species [42] . In addition to terpenoid phytoalexins, rice produces constitutively the diterpenes oryzalides A and B, oryzalic acid A and related compounds with antimicrobial activity against the bacterial leaf blight Xanthomonas oryzae pv. oryzae (Xoo), and hence these metabolites are phytoanticipins [43] . Other terpenoids are present as saponins, a well-known group of traditional phytoanticipins described below. 
Shikimates, phenylpropanoids and derivatives
Shikimate is a biosynthetic precursor of the amino acids phenylalanine and tyrosine, which in turn are precursors of phenylpropanoids [31] , important plant metabolites with very diverse roles [44] . Phenylpropanoid derivatives containing hydroxy groups on the phenyl ring are often called phenolics (benzene plus hydroxyl(s) = phenol(s)). Flavonoids and stilbenes are metabolites of mixed biosynthetic origin derived from phenylpropanoids and polyketides (usually three malonyl units). A great number of phenolic metabolites, including flavonoids and stilbenes, have been shown to display antimicrobial activity against plant and human pathogens and diverse nutritional and therapeutic effects. Indeed, due to the current uses of stilbenes in health related industries, especially resveratrol, there is a concerted effort to apply industrial processes for their production by microorganisms and plant cells [16] . For this reason, there are numerous reviews on these natural products, some of which deal with the ecological roles of flavonoids and their relatives in plants [44a,45] . Selected examples of these constitutive plant metabolites, likely functioning as phytoanticipins, are discussed below ( Figure 6 ).
Peanut plants (Arachis hypogaea L.), grown axenically, produced various phenylpropanoids including p-coumaric acid, caffeic acid, ferulic acid, methoxycinnamic acid and mucilagin A, a phenylpropanoid-polyketide-isoprenoid. These metabolites were previously shown to display antifungal activity against plant pathogens, including the peanut fungal pathogens Aspergillus flavus Link and A. parasiticus Speare, thus are likely to function as phytoanticipins in specific peanut organs [46] . Hesperidin, Figure 6) [48]. Prior to this work, the simpler metabolite 3hydroxyacetophenone was determined to be a phytoanticipin of carnation as well, with strong inhibitory activity against F. oxysporum [49] . Sakuranetin is a flavanone isolated from the heartwood of Prunus avium (L.) L. that seems to be constitutively expressed in this species, though induced in rice, and exhibiting antifungal activity against Magnaporthe grisea (T.T. Hebert) M.E. Barr (syn. Pyricularia oryzae Cavara), hence it is a phytoanticipin in P. avium ( Figure 6 ) [50] .
Metabolites containing a phenalenone nucleus were first isolated from fungi and plants and reported in 1956 [51] . Phenalenones are interesting metabolites in that their biosynthetic pathways originate from different building blocks. In terrestrial plants, phenalenones are biosynthesized from phenylalanine [52] , thus are phenylpropanoids, while in marine and terrestrial fungi phenalenones are of polyketide origin [51, 53] . Various phenylphenalenones were isolated from Musa species (banana), some of which were determined to be phytoanticipins and others phytoalexins [54] .
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Benzylisoquinoline and pyrrolizidine alkaloids
Alkaloids are a huge group of secondary metabolites with numerous functions, abundant in plants and other phyla. The chemical structures of alkaloids derive from a variety of precursors which include amino acids like ornithine, lysine, tyrosine and tryptophan, and other precursors such as nicotinic and anthranilic acids. Several other alkaloid groups derive from amination reactions of polyketides, isoprenoids, or shikimates [31] . Due to their various pharmacological properties, alkaloids have been exploited for centuries for human benefits [31, 59] . Nonetheless, in many circumstances the ecological roles of alkaloids remain unknown, with exceptions that include the benzylisoquinoline [60] and pyrrolizidine alkaloids [61] . Chosen here as representative examples of each group, the benzylisoquinolines, sanguinarine and chelerythrine, have been reported to display antibacterial and antifungal activity against important plant pathogens, while hunnemanine inhibited spore germination [60] . Hence, these three benzylisoquinolines are constitutive plant metabolites and thus can be considered phytoanticipins. Similarly, many pyrrolizidines have been shown to display antifungal activity against plant pathogens, including retronecine, heliotrine and senecionine. Many alkaloids are also well known for their toxic effects on insect herbivores (Figure 8 ) [60, 61] . 
Traditional phytoanticipin groups
Phytoanticipins belonging to traditional groups have been comprehensively reviewed on several occasions [13,33,62,63], hence only brief summaries of each group and recent findings with respect to metabolism and/or applications are summarized.
Benzoxazinoids
Benzoxazinoids (BXs), such as HBOA, DIBOA and DIMBOA, are common among some monocots like maize, wheat and rye (Poaceae) and a few dicots (Figure 9 ), while rice, oat, barley, and sorghum do not appear to produce BXs [64] . These metabolites contain a 2-hydroxy-2H-1,4-benzoxazin-3(4H)-one (HBOA) skeleton biosynthesized in both monocots and dicots from shikimate via indole-3-glycerol phosphate [64, 65] . BXs are toxic to plant cells and thus are stored as BX-Glcs that are hydrolyzed by glucosidases (stored in the plastid) upon tissue disruption to release the toxic aglycones. It has been established that BXs function as plant defenses against microbial pathogens and insects [65b]. More recent work indicates that DIMBOA regulates BX gene expression and callose deposition [65a] . Benzoxazinoids are often referred to as allelochemicals because they are also known to affect negatively some plant species [66] . 
Cyanogenic glycosides
Cyanogenic glycosides (CNGs) are -hydroxynitriles glycosides biosynthetically derived from proteinogenic (valine, leucine, isoleucine, phenylalanine, tyrosine) and nonproteinogenic amino acids ( Figure 10 ). CNGs are produced by numerous plant families and display a structural variety (ca. 50) that appears to be wider than initially suggested [67] . Interestingly, CNGs and glucosinolates (see below) share the initial steps of their biosynthetic pathways, but their occurrence in plants seems to be mutually exclusive, except in papaya [68] . CNGs are constitutive plant metabolites that display toxicity upon release of HCN in the presence of glucosidases (cyanogenesis), a transformation that protects the plant from invaders, namely insects, mammals and some microbial species [67a] . The biosynthetic pathway of CNGs has been studied for many years and shown to be transferable to non-cyanogenic plants. The biosynthesis of dhurrin was engineered in Arabidopsis thaliana (L.) Heynh., where it conferred resistance to the flea beetle, a very damaging pest of cruciferous crops [69] . Recently, it was shown that light-driven biosynthesis of dhurrin can be engineered in the chloroplasts of tobacco leaves. The complete biosynthetic pathway of dhurrin was expressed in thylakoid membranes of tobacco, demonstrating that a P450 catalyzed pathway can be relocated from the endoplasmic reticulum to the chloroplast, where it can utilize photosynthetic electrons to drive the redox reactions [70] .
Glucosinolates and their metabolic products
Glucosinolates (GSLs) are plant metabolites containing a functional group composed of an O-sulfated thiohydroximate connected with a -glucopyranosyl residue through the sulfur atom of the thiohydroximate (Figure 11 ). More than 130 GSLs have been reported from plants of the order Brassicales [71] , within which the family Brassicaceae is the most economically relevant. Specifically, the family Brassicaceae (common name crucifer) comprises Brassica species that are sources of edible and industrial oils, fuel, vegetables, condiments and ornamentals. GSLs are constitutive plant metabolites considered phytoanticipins [33a] . Although they have a very broad range of biological activities (e.g. insect attractant or deterrent, allelochemical, antimicrobial, anticarcinogenic), antifungal activity appears to be negligible [33a,72] . GSLs are biosynthetically derived from amino acids and their homologues. In planta, the enzyme catalyzed hydrolyses of GSLs to unstable thiohydroximate intermediates are mediated by myrosinases (thioglucoside glucohydrolases, EC 3.2.1.147); spontaneous rearrangements of the resulting thiohydroximates to isothiocyanates or other transformations can yield thiocyanates or nitriles ( Figure  11) [73]. In most cases, isothiocyanates are stable metabolites (except for those derived from methylindolyl-GSLs) [71, 72] and have stronger antimicrobial activity than the parent GSLs [74], hence isothiocyanates are also considered phytoanticipins. Similarly, some nitriles derived from either GSLs or the corresponding oximes are phytoanticipins as well, particularly indolyl-3-acetonitriles that display antifungal activity against cruciferous fungal pathogens [75]. By contrast, very few thiocyanates have been isolated from crucifers [76] or any other plant families and there is no evidence of their antimicrobial activity. The biosynthetic pathways of GSLs, their regulation and transport have been studied for decades and have culminated in the engineering of benzyl-GSL into Nicotiana benthamiana Domin [77] . A great application of this knowledge was shown recently by using transformed tobacco plants as dead-end-crops to control insect specialists [78] . Tobacco plants engineered to produce benzyl-GLS, an oviposition attractant of diamondback moth (Plutella xylostella L.), became more attractive for oviposition by female moths than wild-type tobacco plants. However, since hatched larvae were unable to survive on tobacco, transformed tobacco became an efficient dead-end trap to control this insect species [79] .
Saponins
Saponins occur widely in dicot plants and in a few monocots, distributed among several orders and numerous families, and in a few marine organisms [80] . As the name suggests, saponins are compounds with soap-like properties, i.e. able to form foamy layers in aqueous solution. In plants, most saponins result from condensation of either a triterpenoid or a steroid moiety with one or more glycosyl units, e.g. avenacin A-1 and avenacoside B, respectively ( Figure 12 ) [80a,81] . Recently, the open-chain steroidal glycosides were presented as a new group of saponins [82] . These are C 27 steroidal skeletons condensed with various glycosides attached at different positions, such as spongioside A. Saponins are constitutive plant metabolites with defensive roles including antimicrobial, antifungal and insecticidal, hence appropriately considered phytoanticipins. Although cereals and grasses are deficient in saponins, oat roots (Avena species) produce avenacins, triterpenoid saponins whose genes are clustered and impart resistance to various fungal pathogens [83] . 
Concluding remarks and outlook
Plants produce all sorts of molecules to protect themselves from microbial and pest invaders. The enormous progress in analytical techniques has allowed the determination of these chemical structures, which in many cases were confirmed by chemical synthesis. Biological assays, together with biochemical and molecular genetics techniques, have shown the various roles of several of these metabolites. Particularly over the past decade, plant secondary metabolites involved in defense mechanisms have become an enormous asset due to their application for breeding and/or engineering crops with better resistance to microbial pathogens and pests. Toward this end, several examples of widely investigated phytoanticipins, such as glucosinolates and cyanogenic glycosides, have convincingly demonstrated the enormous potential of such a strategy. Nonetheless, there is huge number of metabolites whose functions and biosynthetic pathways need to be investigated. Ultimately, only experimentation and critical reporting of data can lead to a complete understanding of the functions of plant metabolites and their applications to breed or engineer broader disease and pest resistance in crops.
